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(54) SYSTEMS AND METHODS FOR DETECTING VEHICLE FOLLOWING DISTANCE

(57) Systems, methods, and models are discussed,
for determining vehicle positioning, and in particular iden-
tifying tailgating. Models are designed to determine fol-
lowing distance between two vehicles. Following dis-
tance models are used in detection of tailgating, based
on determined distance between two vehicles. Results
of tailgating are output to warn a driver, or to provide a
report on driver behavior.
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Description

TECHNICAL FIELD

[0001] The present disclosure generally relates to systems and methods for determining vehicle positioning, and in
particular relate to determining vehicle following distance.

BACKGROUND

[0002] Monitoring vehicle movement and positioning is advantageous for fleet managers for a variety of reasons,
including improving the safety of their fleet. Via real time monitoring, inappropriate behavior or dangerous situations can
be identified, and a driver can be immediately alerted of the dangerous situation. Reports can be prepared indicating or
summarizing dangerous situations. Such alerts or reports may reduce occurrence of traffic accidents. Further, monitoring
vehicle movement and positioning is also useful in self-driving (autonomous) vehicles.

SUMMARY

[0003] According to a broad aspect, the present disclosure describes a method for determining a following distance
between a first vehicle and a second vehicle, the method comprising: accessing an image including a representation of
the first vehicle from a perspective of the second vehicle behind the first vehicle, the image further representing a common
lane of travel of the first vehicle and the second vehicle; determining, by at least one processor, a first vertical position
in the image representing a bottom of the first vehicle; accessing, by the at least one processor, a second vertical position
in the image representing a static physical distance from the second vehicle; determining a transformed first vertical
position by applying, by the at least one processor, an image transformation matrix to the first vertical position; determining
a transformed second vertical position by applying, by the at least one processor, the image transformation matrix to
the second vertical position; determining an image distance between the transformed first vertical position and the
transformed second vertical position; determining the following distance as a physical distance between the first vehicle
and the second vehicle based on the determined image distance and the static physical distance; and outputting the
determined following distance.
[0004] The first vertical position may represent a bottom boundary of a bounding box which encompasses the first
vehicle. The second vertical position may represent a distal end of a hood of the second vehicle as represented in the
image.
[0005] The image transformation matrix may represent a transformation of the image to a transformed image having
a fixed relationship between pixel size in the transformed image and physical distance represented by the transformed
image.
[0006] The method may further comprise: determining a first boundary of the common lane of travel; determining a
second boundary of the common lane of travel; determining a vanishing point for the image as a point where the first
boundary and the second boundary intersect; accessing a region of interest in the image, where a bottom edge and a
top edge of the region of interest are parallel to a horizontal axis of the image, a left edge of the region of interest extends
from first point left of the common lane of travel towards the vanishing point, and a right edge of the region of interest
extends from a second point right of the common lane of travel towards the vanishing point; determining a transformed
region of interest where a left edge of the transformed region of interest is parallel to a right edge of the transformed
region of interest; and determining the image transformation matrix as a matrix which when applied to the region of
interest, transforms the region of interest to the determined transformed region of interest. The first point may be at a
left boundary of the image and the second point may be at a right boundary of the image. The bottom edge of the region
of interest may be positioned above a hood of the second vehicle as represented in the image, and the top edge of the
region of interest may be positioned below the vanishing point. Accessing the region of interest in the image may comprise
receiving an indication of the region of interest as user input via a user input device. Accessing the region of interest in
the image may comprise generating, by the at least one processor, boundaries of the region of interest. Determining
the transformed region of interest may comprise determining four corner points of a rectangle corresponding to the
transformed region of interest. The method may further comprise: determining a ratio of image distance to physical
distance for a vertical axis of the image as transformed according to the image transformation matrix, based on a received
measurement for a physical distance coaxial to the common lane and an image distance coaxial to the common lane
as represented in the transformed region of interest. The method may further comprise: determining a ratio of image
distance to physical distance for a horizontal axis of the image as transformed according to the image transformation
matrix, based on a received measurement for a physical width of the common lane and an image distance width of the
common lane as represented in the transformed region of interest. The method may further comprise: determining a
ratio of image distance to physical distance for a vertical axis of the image as transformed according to the image
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transformation matrix, based on the ratio of image distance to physical distance for the horizontal axis of the image and
based on the image transformation matrix.
[0007] The static physical distance may be received as a physical measurement between a front of the second vehicle
and content represented in the image at the second vertical position.
[0008] The method may further comprise: determining, by the at least one processor, whether the following distance
is within a tailgating distance criteria; identifying, by the at least one processor, that the second vehicle is not tailgating
the first vehicle if the following distance is outside of the tailgating distance criteria; and identifying, by the at least one
processor, that the second vehicle is tailgating the first vehicle if tailgating criteria are met, wherein the tailgating criteria
includes the following distance being within the tailgating distance criteria. The method may further comprise, in response
to an identification that the second vehicle is tailgating the first vehicle, outputting a tailgating indication to a driver of the
second vehicle. The method may further comprise, in response to an identification that the second vehicle is tailgating
the first vehicle, outputting a tailgating indication to a management server.
[0009] Accessing the image may comprise capturing the image by at least one image capture device of the system.
[0010] Accessing the image may comprise receiving, by at least one communication interface of the system commu-
nicatively coupled to the at least one processor, the image.
[0011] Accessing the image may comprise accessing the image as stored in at least one non-transitory processor-
readable storage medium of the system.
[0012] According to another broad aspect, the present disclosure describes a system for determining a following
distance between a first vehicle and a second vehicle, the system comprising: at least one processor; and at least one
non-transitory processor-readable storage medium communicatively coupled to the at least one processor and storing
processor-executable instructions which when executed by the at least one processor cause the system to: access an
image including a representation of the first vehicle from a perspective of the second vehicle behind the first vehicle, the
image further representing a common lane of travel of the first vehicle and the second vehicle; determine, by the at least
one processor, a first vertical position in the image representing a bottom of the first vehicle; access, by the at least one
processor, a second vertical position in the image representing a static physical distance from the second vehicle;
determine a transformed first vertical position by applying, by the at least one processor, an image transformation matrix
to the first vertical position; determine a transformed second vertical position by applying, by the at least one processor,
the image transformation matrix to the second vertical position; determine an image distance between the transformed
first vertical position and the transformed second vertical position; determine the following distance as a physical distance
between the first vehicle and the second vehicle based on the determined image distance and the static physical distance;
and output the determined following distance.
[0013] The processor-executable instructions may further cause the system to perform other acts as discussed above
regarding the method for determining a following distance between a first vehicle and a second vehicle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Exemplary non-limiting embodiments are described with reference to the accompanying drawings in which:

Figure 1A illustrates a block diagram of an exemplary mobile image system.
Figure 1B illustrates a block diagram of another exemplary mobile image system.
Figure 2A is a simplified block diagram of an image capture device according to at least one exemplary implemen-
tation.
Figure 2B is a simplified block diagram of an image capture device according to at least one other exemplary
implementation.
Figure 3 is a schematic view of an operator device in accordance with at least one exemplary implementation.
Figure 4 is a flowchart diagram which illustrates a method for identifying and reporting a tailgating situation in
accordance with at least one exemplary implementation.
Figure 5 is a flowchart diagram which illustrates a method for detecting tailgating, in accordance with at least one
exemplary implementation.
Figure 6 is a side view of a vehicle being followed by another vehicle, in accordance with at least one exemplary
implementation.
Figures 7A, 7B, and 7C illustrate exemplary images for cameras, showing a lead vehicle in different horizontal
positions.
Figures 8A and 8B illustrate exemplary images for cameras highlighting horizonal position of a lead vehicle.
Figure 9 illustrates an alert via a user interface, in accordance with at least one exemplary implementation.
Figure 10 is a flowchart diagram which illustrates a method for determining following distance, in accordance with
at least one exemplary implementation.
Figure 11 illustrates an exemplary image based on which following distance can be determined, in accordance with
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at least one exemplary implementation.
Figure 12 is a side view of an exemplary scenario for calibrating an image capture device.
Figure 13 illustrates an exemplary image as transformed in accordance with an image transformation matrix.
Figure 14 is a flowchart diagram which illustrates a method for determining an image transformation matrix, in
accordance with at least one exemplary implementation.
Figure 15 illustrates an exemplary image with a region of interest labelled, in accordance with at least one exemplary
implementation.
Figure 16 illustrates an exemplary transformed region of interest as transformed in accordance with an image
transformation matrix.
Figure 17 is a side view of an exemplary scenario for calibrating an image capture device.
Figure 18 illustrates another exemplary transformed region of interest as transformed in accordance with an image
transformation matrix.
Figure 19 is a top view of an exemplary scenario for calibrating an image capture device.
Figure 20 illustrates another exemplary transformed region of interest as transformed in accordance with an image
transformation matrix.
Figure 21 is a side view of an exemplary scenario illustrating projection of images.
Figures 22 and 23 illustrate exemplary images for determining whether a vehicle is within a lane of travel, in accord-
ance with at least two exemplary implementations.

DETAILED DESCRIPTION

[0015] The present disclosure details systems and methods for creating training data, for training machine learning
models, and for applying machine learning models, for identifying vehicle movement and positioning. The present dis-
closure sees particular value in detecting travel lane of vehicles, determining distance between vehicles, and identifying
when a vehicle is tailgating another vehicle.
[0016] Throughout this disclosure, a "following" situation refers to a situation where a "following vehicle" is travelling
behind a "lead vehicle", in the same direction as the lead vehicle. In this context, "following" does not necessarily mean
that the following vehicle is actively pursuing the lead vehicle (e.g. to the destination of the lead vehicle), but rather that
the following vehicle is travelling behind the lead vehicle, for at least a moment in time. Lead vehicles and following
vehicles are commonly referred to as first and second vehicles throughout this disclosure.
[0017] "Tailgating" generally refers to a situation involving two vehicles travelling in the same direction, where one
vehicle is following the other vehicle at an unsafe distance (e.g. too close for the following vehicle to reliably safely stop
if needed). In particular, if a following vehicle is tailgating a lead vehicle, sudden braking of the lead vehicle may result
in an accident where the following vehicle hits the lead vehicle from behind. For instance, delayed reaction time of the
driver of the following vehicle may prevent the following vehicle from decelerating at a sufficient rate so as to avoid rear-
ending the lead vehicle. However, if the driver of the following vehicle was alerted of this dangerous circumstance, an
accident may be avoided, by causing the driver of the following vehicle to alter operation of the following vehicle to
increase the following distance from the lead vehicle.
[0018] Models (e.g. artificial intelligence, machine learning, or rules-based models) for identifying vehicle positioning
and movement, based on data captured by one or more image capture devices (e.g. video cameras or smart video
cameras) are disclosed herein. Generally, a model is created and/or trained, after which the model becomes able to
analyze input data and reliably detect features or make determinations based on the input data. In some implementations,
a model is deployed to an image capture device or a proximate device communicatively coupled to the image capture
device, and captured image data is analyzed by the model. Such implementations are optimal for alerting the driver to
dangerous situations, as analysis can be performed quickly without the need for communication with a remote server.
In alternative implementations, captured image data is analyzed in accordance with the model remote from the image
capture device (e.g. at a central server or processing station). Such implementations are useful for identifying dangerous
situations after-the-fact, such as for driver evaluation or collision reconstruction. However, such implementations could
also be used to alert the driver to dangerous situations as they happen, albeit after communication of image data to the
central server, followed by a message from the server to a device at the vehicle to output an alert to the driver. In yet
other implementations, captured image data can be analyzed at an image capture device or a proximate device com-
municatively coupled to the image capture device, and results can be sent to a remote device (e.g. a central server or
processing station), such as for driver evaluation or collision reconstruction. In yet other implementations, captured
image data can be analyzed at an image capture device or a proximate device communicatively coupled to the image
capture device, for immediate driver feedback, and captured image data can be analyzed at a remote device such as
for driver evaluation or collision reconstruction.
[0019] Figure 1A and Figure 1B illustrate block diagrams of exemplary mobile image systems 101A and 101B, re-
spectively, and exemplary communication network 100 through which mobile image systems 101A and 101B operate.
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In many of the implementations discussed herein, communication network 100 is optional. That is, in some implemen-
tations identification of vehicle positioning and movement can be performed entirely at a device local to a vehicle. Models
executed at the device local to the vehicle can be distributed physically (e.g. by connecting the device to another device
to transfer the model, or by using a portable storage medium to transfer the model), thus obviating the need for com-
munication network 100. Alternatively, communication network 100 can be used to distribute models to vehicle devices
(e.g. by sending models to vehicle devices for download).
[0020] Communication network 100 may include one or more computing systems and may be any suitable combination
of networks or portions thereof to facilitate communication between network components. Some examples of networks
include, Wide Area Networks (WANs), Local Area Networks (LANs), Wireless Wide Area Networks (WWANs), data
networks, cellular networks, voice networks, among other networks, which may be wired and/or wireless. Communication
network 100 may operate according to one or more communication protocols, such as, General Packet Radio Service
(GPRS), Universal Mobile Telecommunications Service (UMTS), GSM®, Enhanced Data Rates for GSM Evolution
(EDGE), LTE™, CDMA, LPWAN, Wi-Fi®, Bluetooth®, Ethernet, HTTP/S, TCP, and CoAP/DTLS, or other suitable protocol.
Communication network 100 may take other forms as well.
[0021] Mobile image system 101A includes a plurality of image capture devices 108, which can comprise (and be
referred to herein) as smart video cameras (SVCs), though are not strictly limited as such. The plurality of image capture
devices 108 are positioned at (e.g. mounted in/on, or placed within or on) a plurality of vehicles 110. Image capture
system 101A also includes cloud server 106, client device 104 and local server 118. Client device 104 is communicatively
coupled to local server 118 via communication link 120. Client device 104 is also shown as including at least one
processor 104a and at least one non-transitory processor-readable storage medium 104b. The at least one processor
104a can perform acts such as determinations, identification, data analysis, processing, and other appropriate acts,
such as acts in the methods described herein. The at least one non-transitory processor-readable storage medium 104b
can store any appropriate data, including processor-executable instructions which when executed by the at least one
processor 104a cause the client device 104 to perform acts, such as acts of the methods described herein. An exemplary
client device may include a personal computer, server, a system, a combination of subsystems, and devices. Specific
and non-limiting examples of an image capture device or smart video camera include a Netradyne® video camera and
a Nauto® video camera. Reference to a "camera" in this disclosure can include a smart video camera, but may also
include a more basic camera. In this regard, the term "camera" can be used interchangeably with "image capture device".
Each image capture device 108 is communicatively coupled to cloud server 106 in cloud 112 via a respective commu-
nication link 116. For example, each image capture device 108 and the cloud server 106 are configured to wirelessly
communicate to each other. Cloud server 106 is also shown as including at least one processor 106a and at least one
non-transitory processor-readable storage medium 106b. The at least one processor 106a can perform acts such as
determinations, identification, data analysis, processing, and other appropriate acts, such as acts in the methods de-
scribed herein. The at least one non-transitory processor-readable storage medium 106b can store any appropriate
data, including processor-executable instructions which when executed by the at least one processor 106a cause the
cloud server 106 to perform acts, such as acts of the methods described herein. Cloud server 106 is communicatively
coupled to client device 104 via communication link 114. For example, each cloud server 106 and client device 104 are
configured to wirelessly communicate to each other. As another example, cloud server 106 and client device 104 are
configured to communicate with each over a wired connection. In some implementations, local server 118 may be a
remote server from client device 104. Local server 118 is also shown as including at least one processor 118a and at
least one non-transitory processor-readable storage medium 118b. The at least one processor 118a can perform acts
such as determinations, identification, data analysis, processing, and other appropriate acts, such as acts in the methods
described herein. The at least one non-transitory processor-readable storage medium 118b can store any appropriate
data, including processor-executable instructions which when executed by the at least one processor 118a cause the
local server 118 to perform acts, such as acts of the methods described herein.
[0022] Mobile image system 101B in Figure 1B includes a plurality of image capture devices 108, positioned at a
plurality of vehicles 110, similar to in Figure 1A. Image system 101B also includes client device 104 and local server
118, similar to in Figure 1A. In the example of Figure 1B, client device 104 is communicatively coupled to local server
118 via communication link 120. An exemplary client device may include a personal computer, server, a system, a
combination of systems subsystems, and devices. Specific and non-limiting examples of an image capture device include
a Netradyne® video camera and a Nauto® video camera. Each image capture device 108 is communicaticvely coupled
to client device 104 via a respective communication link 130. For example, each image capture device 108 is configured
to wirelessly communicate with client device 104. In some implementations, local server 118 may be a remote server
from client device 104. The description of components in mobile image system 101A in Figure 1A is applicable to similarly
labelled components in mobile surveillance system 101B in Figure 1B.
[0023] Specific and non-limiting examples of vehicle types which each of vehicles 110 can be include: a government
owned and operated vehicle, (e.g., as a vehicle for snow clearing, infrastructure maintenance, police enforcement), a
public transportation vehicle, (e.g., bus, train), and a privately owned vehicle, (e.g., taxi, courier vehicle), among others.
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[0024] An image capture device 108 may be mounted to or positioned at a vehicle 110 in a manner such that image
capture device 108 captures image data of the environment outside the vehicle 110, e.g., towards the windshield, towards
a window, atop the vehicle, etc. Additionally, and/or optionally, an image capture device 108 may be mounted to or
positioned at a vehicle 110 in a manner such that the image capture device 108 captures image data of the interior of
the vehicle. Interior-facing image capture devices 108 may be useful for detecting an event including detecting a person(s)
of interest.
[0025] Alternatively, and/or optionally, mobile image systems 101A, 101B further include one or more image capture
devices 108 coupled to a person and/or object wherein the object is not a vehicle. For example, an image capture device
108 can be coupled to a person, e.g., a helmet of a motorcycle driver.
[0026] Now referring to Figure 2A, shown is a simplified block diagram of exemplary image capture device 108A
according to one implementation (as a smart video camera). Image capture device 108A as shown in FIG. 2A can be
implemented as any of the image capture devices 108 shown in Figures 1A and 1B. Image capture device 108A includes
lens 202, optoelectronics 204, at least one processor 206, location module 208 (e.g., including a GPS receiver), wireless
communication module 210 (e.g., including a 4G or 5G communication module for providing cellular connectivity) and
at least one non-transitory processor-readable storage medium 212. Optionally, the at least one non-transitory processor-
readable storage medium 212 includes another non-transitory processor-readable storage medium 214 (or includes any
appropriate number of additional non-transitory processor-readable storage mediums). In the context of this disclosure,
the term "datastore" refers to a non-transitory processor-readable storage medium. In some implementations, a single
non-transitory processor-readable storage medium corresponds to a single datastore. In other implementations, a non-
transitory processor-readable storage medium can be virtually partitioned to include a plurality of "datastores". Wireless
communication module 210 is operable to communicate (shown as communication interface 216) with other devices
(e.g. cloud device 106 or client device 104 discussed with reference to Figures 1A and 1B) over a communication network
(e.g. cloud 112 discussed with reference to Figures 1A and 1B).
[0027] Further optionally, the image capture device 108A is shown as including at least one output interface 218,
which can provide output to a driver of a vehicle in which the image capture device 108A is installed. For example, output
interface 218 can be an audio output device (a speaker) which outputs audio for the driver to hear. As another example,
output interface 218 can be a visual output device, such as a light or plurality of lights, or a display which outputs visual
signals for the driver to see. As yet another example, output interface 218 can be a haptic output device, such as a
vibration device, which outputs haptic signals for the driver to feel. Output interface 218 can be used to provide alerts,
warnings, or feedback directly to the driver (such as tailgating indications), as discussed in detail later.
[0028] Now referring to FIG. 2B, shown is a simplified block diagram of exemplary image capture device 108B according
to one implementation (as a camera which is coupled to a peripheral device, such as a vehicle device). Figure 2B includes
many components with the same reference number as components discussed with reference to Figure 2A. The description
of such components in Figure 2A is applicable to the similarly numbered components in Figure 2B. In Figure 2B, image
capture device 108B includes lens 202 and optoelectronics 204. In this implementation, image capture device 108B is
itself directed to capturing image data, which is in turn provided to a peripheral device 220 via a communication interface
222 (e.g. a wired or wireless communication interface). In some implementations, peripheral device 220 is a vehicle
device, such as a telematics monitoring device positioned at a vehicle. In other implementations, peripheral device 220
comprises a collection of components integrated into a vehicle which communicate with each other (e.g. OEM integrated
electronics). In Figure 2B, peripheral device 220 is shown as including the at least one processor 206, the location
module 208, the wireless communication module 210, the at least one non-transitory processor-readable storage medium
212, and the output interface 218 similar to the components included in image capture device 108A in Figure 2A. While
not illustrated in Figure 2B to reduce clutter, the at least one non-transitory processor-readable storage medium 212
optionally includes any appropriate number of additional non-transitory processor-readable storage mediums. Wireless
communication module 210 is operable to communicate (shown as communication interface 216) with other devices
(e.g. cloud device 106 or client device 104 discussed with reference to Figures 1A and 1B) over a communication network
(e.g. cloud 112 discussed with reference to Figures 1A and 1B).
[0029] Collectively, reference to an image capture device 108 or a plurality of image capture devices 108 can include
image capture device 108A in Figure 2A or image capture device 108B in Figure 2B. Further, reference to an image
capture device performing acts (such as in the methods discussed herein) can also refer to the peripheral device 220
performing such acts. For example, reference to an image capture device performing processing, determination, iden-
tification, storing of data, transmission, or similar acts can refer to an image capture device and peripheral device in
combination performing these acts.
[0030] Figure 3 is a schematic view of an operator device 300, which could be used for model management and use
in any of the implementations discussed herein, and in particular is useful as a server-side device. For example, device
300 could be used as client device 104 in Figures 1A and 1B, or as a user interface device to provide input to these
devices. Device 300 as illustrated includes at least one processor 312, at least one non-transitory processor-readable
storage medium 314, and a communication interface 316. The non-transitory processor-readable storage medium 314
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can have processor-readable instructions stored thereon which, when executed by the at least one processor 312 cause
the device 300 to perform appropriate operations for the methods described herein. Communication interface 316 can
be a wired or wireless interface, through which data and inputs can be provided to device 300, and through which data
and outputs can be provided by device 300. For example, location data for a plurality of vehicles can be received from
a telematics device or system by communication interface 316, for processing and analysis by the at least one processor
312. Resulting analysis can also be output by communication interface 316.
[0031] Figure 3 also illustrates exemplary input and output devices through which a user or operator can interact with
device 300. In particular, Figure 3 shows a display 322, which can display outputs from device 300. Other output devices
could be provided such as speakers, or any other appropriate output device. Figure 3 also shows a keyboard and mouse
324, which can be used to provide inputs to the device 300. Other input devices could also be used, such as a touchscreen,
microphone, trackpad, or any other appropriate input device. Although the input and output devices illustrated in Figure
3 appear in the form of those used with a desktop computer, other forms of devices could also be used, such as portable
devices like a laptop, smartphone, PDA, tablet, or any other appropriate device. Further, a device to which a user provides
input and receives output can be remote from the device 300. For example, the device including the at least one processor
312, the at least one non-transitory processor-readable storage medium 314, and the communication interface 316 can
be a server, which is remote from a workstation or device with which the user interacts.
[0032] Figure 4 is a flowchart diagram which illustrates an exemplary method 400 for identifying and reporting a
tailgating situation. Method 400 as illustrated includes acts 402, 404, 406 (including sub-acts 420, 422, and 430), 408,
and 410. One skilled in the art will appreciate that additional acts could be added, acts could be removed, or acts could
be reordered as appropriate for a given application. With reference to the examples illustrated in Figures 1A, 1B, 2A,
2B, and 3, acts can be performed by appropriate components of the discussed systems or devices. For example, method
400 can be performed at an image capture device such as image capture device 108A discussed with reference to
Figure 2A, and/or a peripheral device such as peripheral device 220 discussed with reference to Figure 2B. As another
example, method 400 can be performed at a device remote from a vehicle, such as client device 104 and/or local server
118 discussed with reference to Figures 1A and 1B, and/or cloud device 106 discussed with reference to Figure 1A.
[0033] Reference to "at least one processor" or "a processor" performing acts of any of the methods herein can refer
to any appropriate processor. Further, at least one non-transitory processor-readable storage medium can store proc-
essor-executable instructions, which when executed by a respective at least one processor cause the corresponding
system or device to perform a given act of any of the methods discussed herein.
[0034] At 402, image data is accessed. The image data is captured by an image capture device (such as image capture
device 108A or 108B discussed with reference to Figures 2A and 2B), and stored by an appropriate non-transitory
processor-readable storage medium (e.g. medium 212 in Figures 2A and 2B). In some implementations the image data
is transferred from the image capture device to another device (such as from any of image capture device 108 in Figures
1A and 1B, to cloud device 106, client device 104, or local server 118, via communication interfaces 114, 116, 120, or
130) as appropriate. The image data is stored by a corresponding non-transitory processor-readable storage medium
(e.g. any of mediums 104b, 118b, or 106b, as appropriate), and accessed in accordance with act 402 when method 400
is carried out.
[0035] At 404, at least one processor (e.g. processor 206, 104a, 118a, 106a, or 312 as appropriate) analyzes the
image data to identify vehicles represented in the vehicle data (if any). For example, the at least one processor can run
an object detection model (such as a vehicle detection model) trained to detect vehicles in image data. The YOLO
models are exemplary models which are effective in this task.
[0036] At 406, a following distance is determined between two vehicles based on the image data. In particular, a
following distance is determined between a first vehicle (a lead vehicle) and a second vehicle (a following vehicle) where
the image capture device is positioned. The perspective of the image data thus represents a perspective from the second
vehicle. Act 406 in method 400 is shown as including sub-acts 420 and 422. Sub-acts 420 and 422 show one exemplary
implementation for determining following distance between the two vehicles, and could be replaced by any other appro-
priate means for determining following distance.
[0037] At 420, a following situation is identified where the second vehicle is driving behind the first vehicle. In some
implementations, this entails determining a lane of travel of the first vehicle and of the second vehicle, as shown in sub
act 430. If the determined lane of travel of the first vehicle is the same as the determined lane of travel of the second
vehicle, the first and second vehicle are identified as travelling in the same lane. Alternatively, in some implementations,
lanes do not need to be explicitly determined, nor does lane of travel of each vehicle need to be explicitly identified.
Instead, a determination is made regarding whether the first vehicle and the second vehicle are travelling in a manner
which indicates that the second vehicle is travelling behind the first vehicle. Such implementations are discussed later
with reference to Figures 7A, 7B, 7C, 8A, 8B, 22, and 23.
[0038] At 422, a distance is determined between the first vehicle and the second vehicle. Throughout this disclosure,
means for determining distance between two vehicles are discussed.
[0039] At 408, a determination is made as to whether the second vehicle is tailgating the first vehicle. Generally, this
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entails determining whether the distance between the first vehicle and the second vehicle determined at 422 is within
tailgating criteria. Such tailgating criteria can be static or dynamic, and is discussed in more detail later with reference
to Figure 6.
[0040] At 410, an indication is output when the second vehicle is tailgating the first vehicle. For example, an alert can
be output by a device in the second vehicle (e.g. output interface 218 in Figures 2A or 2B), informing the driver of the
tailgating situation to encourage the driver to increase following distance. As another example, a notification could be
triggered at a management device (e.g. client device 104), or sent to the management device from an in-vehicle device,
indicating the tailgating situation, for a fleet manager to take corrective action such as enforcing driver training. Such a
notification could optionally include any of a timestamp, geographic position data of the vehicle for the tailgating event,
speed or acceleration data for the vehicle for the tailgating event, image data for the tailgating event, or any other
appropriate data.
[0041] Figure 5 is a flowchart diagram which illustrates an exemplary method 500 for detecting tailgating. Method 500
can be applied to real-world images (images captured by an image sensor) to detect real-world tailgating. Further,
method 500 can also be applied to simulated images (images generated by simulation), for the purposes of testing,
validation, training of other models, or any other appropriate application. Method 500 as illustrated includes acts 502,
504, 506, 510 (including sub-acts 512 and 514), 520, 522, and 524. One skilled in the art will appreciate that additional
acts could be added, acts could be removed, or acts could be reordered as appropriate for a given application. As one
example, act 504 is shown in dashed lines to highlight that this act is optional (e.g. identifying whether the first vehicle
is represented in the image data may be inherently performed as part of sub-act 512 later). As another example, sub-
act 514 is shown in dashed lines to highlight that this sub-act is optional (e.g. for single lane roadways).
[0042] Acts of method 500 can be performed by appropriate components of the systems or devices discussed earlier.
For example, method 500 can be performed at a device remote from a vehicle, such as client device 104 or local server
118 discussed with reference to Figures 1A and 1B, and/or cloud device 106 discussed with reference to Figure 1A.
[0043] Reference to "at least one processor" or "a processor" performing acts of any of the methods herein can refer
to any appropriate processor. Further, at least one non-transitory processor-readable storage medium can store proc-
essor-executable instructions, which when executed by a respective at least one processor cause the corresponding
system or device to perform a given act of any of the methods discussed herein.
[0044] Importantly, a system or device which performs method 500 is not necessarily the same hardware which trains
models. In this way, model training and model execution can be performed by discrete systems or devices most suited
to the task. For example, a central server (e.g. any of client device 104, cloud server 106, or local server 118) can perform
model training, and a device at a vehicle (e.g. image capture device 108A or peripheral device 220) can apply the model
based on image data captured at the vehicle. However, in some implementations, a single device or system can perform
all of training a model, and applying the model.
[0045] At 502, image data including at least one image is accessed. Each image in the image data represents a
perspective from a second vehicle (which may be following a first vehicle, as is to be determined by method 500). Figures
7A, 7B, 7C, 8A, 8B, 11, 22, and 23 discussed later show images from the perspective of a second vehicle, which may
or may not be travelling behind a first vehicle.
[0046] In some implementations, accessing the image data in act 502 comprises accessing stored image data (e.g.
simulated or captured image data which is stored at a non-transitory processor-readable storage medium). In other
implementations, accessing the image data in act 502 comprises capturing the image data (e.g. image data from an
image capture device is provided directly to at least one processor which applies the tailgating detection algorithm). In
yet other implementations, accessing the image data comprises receiving the image data by a communication interface
of the system or device which is performing method 500 (e.g. from a remote device or datastore).
[0047] At 504, the at least one processor determines whether a first vehicle is represented in an image of the image
data. For example, the at least one processor can run a feature or object detection model (such as a YOLO model) to
detect vehicles in the image data. If a first vehicle is not represented in an image of the image data, then method 500
proceeds to act 520, where the at least one processor determines that the second vehicle is not tailgating the first vehicle
(since there is no first vehicle to tailgate). If a first vehicle is detected in the image data at 504 (or if act 504 is not
performed), method 500 proceeds to act 506.
[0048] At 506, the at least one processor applies a following distance determination model to determine a distance
between the first vehicle and the second vehicle. The applied model can be any of the models discussed herein, such
as a model designed as discussed with reference to Figure 14. "Applying" a model generally refers to providing the at
least one image to the model as input, and received a determined distance between the first vehicle and the second
vehicle as output. In some implementations the model may also be used to determine whether the first vehicle is
represented in the image data (at least in a manner which is useful for determining distance between the first vehicle
and the second vehicle), in place of act 504 discussed above. For example, the model can be designed to output a null
value (or a value which indicates a distance so great tailgating is not possible), which indicates that the second vehicle
is not following the first vehicle to any extent close to tailgating.
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[0049] At 510, the at least one processor determines whether tailgating criteria are met. In method 500 in Figure 5,
two tailgating criteria are discussed with reference to sub-acts 512 and 514, though one skilled in the art will appreciate
that any number of tailgating criteria could be implemented as appropriate for a given application. Further, both of the
tailgating criteria shown in sub-acts 512 and 514 are not required; in particular sub-act 514 is shown in dashed lines to
illustrate optionality of this criteria. Further, although Figure 5 shows sub-act 512 followed by sub-act 514, tailgating
criteria can be evaluated in any appropriate order.
[0050] At 512, the at least one processor determines whether the distance determined at 506 is within tailgating
distance criteria. That is, the at least one processor determines whether the distance between the first vehicle and the
second vehicle is an unsafe distance.
[0051] Generally, tailgating distance criteria is dependent on speed of travel of the vehicles. Equation (1) below illus-
trates an exemplary tailgating threshold distance. For implementations which use tailgating threshold distance as tail-
gating distance criteria, when a distance between two vehicles is less than the tailgating threshold distance, the tailgating
distance criteria is satisfied. 

[0052] In Equation (1), DT represents tailgating threshold distance, and v represents speed (typically of the second
vehicle) in kilometers per hour (km/h). Stated differently, in Equation (1), a safe following distance is approximately four
meters for every 10 km/h of speed of the vehicle. In the example, v represents speed of the second vehicle. This is
because the speed of the second vehicle is more readily available (e.g. is collected by a telematics monitoring device
installed in the second vehicle, or by hardware associated with the image capture device in the second vehicle). Speed
of the first vehicle is often more difficult to obtain, because the first vehicle may not be associated with the same telematics
system as the second vehicle, and therefore data may not be collected from the first vehicle. However, in some imple-
mentations the speed of the first vehicle could be determined relative to the speed of the second vehicle, by determining
a difference in distance between the first vehicle and the second vehicle over time. In other implementations, the speed
of the first vehicle could be determined by a machine learning model trained to estimate vehicle speed. In yet other
implementations, the first vehicle can be part of the same telematics system as the first vehicle, and therefore speed
data for the first vehicle may be accessible.
[0053] Equation (1) above is a generalization. More factors can be taken into account to arrive at a more specific
tailgating distance criteria, thus reducing false positive and false negative tailgating determinations. Figure 6 and Equation
(2) discussed below provide an example.
[0054] Figure 6 is a side view of a second vehicle 620 having image capture device 622, positioned behind a first
vehicle 610. Both vehicles 610 and 620 are travelling in the same direction on ground surface 602. Figure 6 shows a
following distance DF between the first vehicle and the second vehicle. Figure 6 also shows a minimum stopping distance
DS1 of vehicle 610 (i.e., in how short a distance is vehicle 610 capable of stopping) and a maximum stopping distance
DS2 of vehicle 620 (i.e., what is the longest distance vehicle 620 is expected to be able to stop within). DS1 is shown as
starting from the rear of vehicle 610, such that DS1 represents the point of vehicle 610 which vehicle 620 would hit if a
collision were to occur. However, DS1 can start from any appropriate point of vehicle 610, where a distance between
the rear of vehicle 610 and the start point of DS1 is taken into account in determining tailgating in Equation (2) below.
DS1 and DS2 are discussed in more detail later. In this example, the tailgating criteria for distance is evaluated based
on Equation (2) below. 

[0055] In Equation (2), if vehicle 620 is not able to stop within the distance presently between the vehicles, plus the
distance for vehicle 610 to stop, then the following distance DF is considered as within tailgating distance criteria.
[0056] Stopping distances for vehicles (such as DS1 and DS2 above, collectively DS) can take into account a number
of factors, such as vehicle speed, vehicle weight (weight of vehicle itself, possibly including load), road coefficient of
friction (e.g. based on weather data indicating good weather, rain, snow, etc.), driver response time (e.g. based on a
historical driver profile), or any other appropriate factors.
[0057] In the interests of safety, it is generally preferred to bias determination of a stopping distance for a lead vehicle
(e.g. vehicle 610 in Figure 6) with factors in favor of the vehicle stopping quickly. For example, as it is generally difficult
to determine a load weight of a vehicle based on image data, the lead vehicle can be assumed to be unloaded, such
that the vehicle weight is estimated only as the weight of the vehicle itself. In this regard, the weight of the vehicle could
be determined (or approximated) by identifying the model of the vehicle (or at least class of the vehicle) using a feature
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or object detection model. As another example, the driver of the lead vehicle may be assumed to have fast reaction
times (e.g. above average reaction times), since actual reaction times of the driver of the lead vehicle are likely unknown.
[0058] Similarly in the interests of safety, it is generally preferred to bias determination of a stopping distance for a
following vehicle (e.g. vehicle 620 in Figure 6) with factors in favor of the vehicle stopping slowly. For example, vehicle
load can be estimated based on acceleration, vehicle RPM, and actual speed (see for example US Patent Application
Nos. 63/279,737; 17/532,209; 17/979,119; 63/413,035; 63/430,514; 63/445,753; and 18/111,951); when estimating
vehicle load for the purpose of determining stopping distance, this determination can be biased to estimate the vehicle
to be heavier than it may actually be. As another example, road coefficient of friction can be assumed to be low if a
weather service says that there is a moderate chance of rain, even if water on the road is not explicitly identified based
on image data.
[0059] Returning to method 500 in Figure 5, if the following distance is NOT within a tailgating distance criteria, method
500 proceeds to act 520, where the at least one processor identifies that the second vehicle is not tailgating the first
vehicle. If the following distance IS within a tailgating distance criteria, and if sub-act 514 (or any other tailgating criteria)
are not included, method 500 proceeds to act 522, where the at least one processor identifies that the second vehicle
is tailgating the first vehicle. If on the other hand sub-act 514 is included, then method 500 proceeds to act 514, where
the at least one processor determines whether the first vehicle is in front of the second vehicle. Examples are discussed
below with reference to Figures 7A, 7B, and 7C. Although method 500 in Figure 5 shows sub-act 512 before sub-act
514, the order of these acts can be reversed in alternative implementations. That is, prior to whether determined distance
is within tailgating criteria (or even prior to even applying the following distance model in act 506), the at least one
processor can first determine whether the first vehicle is in front of the second vehicle. Alternatively, in some implemen-
tations act 514 can be included inherently in the following distance determination model applied at 506. In such an
implementation, acts 514 would be redundant, and can be omitted.
[0060] Figures 7A, 7B, and 7C each show a vehicle 720 driving along a roadway shown by edges 708 and 709, towards
a horizon 710. The roadway has two lanes 702 and 704, separated by dividing line 706. A vehicle is driving behind
vehicle 720, and has the camera which the perspective of each of images 700A, 700B, and 700C represents.
[0061] In accordance with act 504 of method 500, vehicle 720 is identified in images 700A. In Figure 7A, bounding
box 722 is shown around vehicle 720, representing where a feature detection model determines vehicle 720 as being.
Vehicle 720 can be identified with a similar bounding box in Figures 7B and 7C as well, but such a bounding box is not
illustrated to reduce clutter.
[0062] In one exemplary implementation, a feature detection model is applied to identify road lanes (e.g. based on
road edges 708, 709, and dividing line 706). Once lanes are identified, the at least one processor determines a lane of
travel of the vehicle carrying the image capture device (in the illustrated example, lane 702). Vehicles travelling in the
same lane as the vehicle with the image capture device are considered to be "in front" of the second vehicle in the
context of sub-act 514 in method 500. In this exemplary implementation, vehicle 720 in image 700A and vehicle 720 in
image 700B are considered "in front" of the second vehicle, whereas vehicle 720 in image 700C is not considered "in
front" of the second vehicle.
[0063] In another exemplary implementation, distances from the edges of captured images are used to determine
whether the lead vehicle (vehicle 720 in the illustrated example) are travelling "in front" of the second vehicle in the
context of method 500.
[0064] In this regard, Figure 7A shows a left-distance 750 representing a distance of vehicle 720 from the left edge of
image 700A. Such a left-distance 750 can be determined as a distance from the left edge of bounding box 722 to the
left edge of image 700A. Alternatively, such a left-distance 750 can be determined as a distance from a feature on the
left side of vehicle 720 to the left edge of image 700A. Figure 7A also shows a right-distance 752 representing a distance
of vehicle 720 from the right edge of image 700A. Such a right-distance distance 752 can be determined as a distance
from the right edge of bounding box 722 to the right edge of image 700A. Alternatively, such a right-distance 752 can
be determined as a distance from a feature on the right side of vehicle 720 to the right edge of image 700A. The left-
distance and right-distance can be represented, for example, as numbers of pixels in the image data. A difference
between the left-distance and the right-distance is determined by the at least one processor (e.g. by subtraction). If the
determined distance is within a horizontal distance threshold, the first vehicle (vehicle 720 in the example) is determined
as being in front of the second vehicle in sub-act 514 in method 500.
[0065] In the example of Figure 7A, left-distance 750 and right-distance 752 are nearly identical, such that a difference
therebetween is small (and within the horizontal distance threshold). As a result, in the example of Figure 7A, vehicle
720 is determined as being in front of the second vehicle in sub-act 514 in method 500, such that (provided the second
vehicle is determined to be within a tailgating distance in sub-act 512) method 500 proceeds to act 522, where the at
least one processor identifies that the second vehicle is tailgating the first vehicle.
[0066] Figure 7B shows a left-distance 760 representing a distance of vehicle 720 from the left edge of image 700B,
and shows a right-distance 762 representing a distance of vehicle 720 from the right edge of image 700B. In this example,
vehicle 720 is positioned further to the right than in Figure 7A. As a result, left-distance 760 and right distance 762 have
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some difference. However, this difference is relatively small (representing less than half a road lane), such that the
difference is within the horizontal distance threshold. As a result, in the example of Figure 7B, vehicle 720 is determined
as being in front of the second vehicle in sub-act 514 in method 500, such that (provided the second vehicle is determined
to be within a tailgating distance in sub-act 512) method 500 proceeds to act 522, where the at least one processor
identifies that the second vehicle is tailgating the first vehicle.
[0067] Figure 7C shows a left-distance 770 representing a distance of vehicle 720 from the left edge of image 700C,
and shows a right-distance 772 representing a distance of vehicle 720 from the right edge of image 700C. In this example,
vehicle 720 is positioned further to the left than in Figures 7A and 7B. As a result, left-distance 770 and right-distance
772 have a significant difference (representing an entire road lane), such that the difference is outside of the horizontal
distance threshold. As a result, in the example of Figure 7C, vehicle 720 is determined as NOT being in front of the
second vehicle in sub-act 514 in method 500. As a result, method 500 proceeds to act 520, where the at least one
processor identifies that the second vehicle is NOT tailgating the first vehicle.
[0068] In some scenarios, the first vehicle driving in front of a second vehicle does not necessarily result in image data
where the first car appears horizontally centered in the image data. For example, a horizontal positioning of an image
capture device at the second vehicle results in different perspectives of the first vehicle as represented in captured image
data. One way to address this is to install image capture devices to be as close as possible to a horizontal center of
vehicles. However, this is not always possible or practical. For example, obstructions may prevent installation of an
image capture device near a horizontal center of a vehicle; image capture devices may already be installed away from
the horizontal center; or installers may not always install image capture devices in horizontal central location for any
number of reasons.
[0069] In view of the above, calibration can be performed such that the horizontal distance threshold accounts for non-
centered bias of the image data (e.g. due to the image capture device being positioned away from a horizontal center
of the second vehicle in the context of method 500 of Figure 5). This is discussed below with reference to Figures 8A
and 8B.
[0070] Figure 8A shows an image 800 captured by an image capture device positioned towards the right side of a
vehicle. In image 800, vehicle 820 can be seen, driving on roadway 802 (as bounded by edges 804 and 806), toward
horizon 808. Figure 8B shows an image 810 captured by an image capture device positioned towards the left side of a
vehicle. In image 810, vehicle 820 can be seen, driving on roadway 802 (as bounded by edges 804 and 806), toward
horizon 808. In image 800, the roadway 802 appears more on the left side, due to the perspective of the image capture
device. In contrast, in image 810 the roadway 802 appears more on the right side due to the perspective of the image
capture device.
[0071] In addition to what is discussed above, Figure 8A also shows a left-distance 870 from the left edge of image
data 800, and a right-distance 872 from the right edge of image 800. In the case of Figure 8A, the second vehicle is
travelling behind the first vehicle (vehicle 820), but left-distance 870 is smaller than right-distance 872, due to the
perspective of the image capture device which captures image 800. To address this, for determining whether the first
vehicle is in front of the second vehicle at 514 in method 500, the system can be calibrated, such that the horizontal
distance threshold represents a value around a difference between left-distance 870 and right-distance 872. For example,
an actual "center" which represents horizontal alignment in front of the vehicle which carries the image capture device
which captures image data 800 is a positive value resulting from subtracting left-distance 870 from right-distance 872.
In this example, the horizontal distance threshold represents a threshold around said positive value. As another example,
an actual "center" which represents horizontal alignment in front of the vehicle which carries the image capture device
which captures image data 800 is a negative value resulting from subtracting right-distance 872 from left-distance 870.
In this example, the horizontal distance threshold represents a threshold around said negative value.
[0072] In the case of Figure 8B, the second vehicle which carries the image capture device which captures image 810
is travelling behind the first vehicle (vehicle 820), but left-distance 860 is larger than right-distance 862, due to the
perspective of the image capture device. To address this, for determining whether the first vehicle is in front of the second
vehicle at 514 in method 500, the system can be calibrated, such that the horizontal distance threshold represents a
value around a difference between left-distance 860 and right-distance 862. For example, an actual "center" which
represents horizontal alignment in front of the vehicle which carries the image capture device which captures image
data 810 is a negative value resulting from subtracting left-distance 860 from right-distance 862. In this example, the
horizontal distance threshold represents a threshold around said negative value. As another example, an actual "center"
which represents horizontal alignment in front of the vehicle which carries the image capture device which captures
image data 810 is a positive value resulting from subtracting right-distance 862 from left-distance 860. In this example,
the horizontal distance threshold represents a threshold around said positive value.
[0073] Generally, an optimal horizontal distance threshold is determined as appropriate for a specific application or
implementation. This is because different camera hardware, different camera positioning, different vehicle features, or
any number of other factors can influence optimal horizontal distance threshold.
[0074] Returning to method 500 in Figure 5, after the second vehicle is identified as tailgating the first vehicle at 522,
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method 500 proceeds to act 524. At 524, an indication of tailgating is output. Such output can take any appropriate form,
but some non-limiting examples are discussed below.
[0075] In some implementations, outputting the indication of tailgating comprises outputting an alert to a driver of the
second vehicle (e.g. by output interface 218 in Figure 2A or 2B). Such an alert serves to warn the driver of the dangerous
situation, so that the driver can take action to remedy it. In this regard, Figure 9 illustrates an exemplary user interface
900 where a visual alert is displayed indicating the tailgating situation. Such a visual user interface could comprise any
appropriate display in the second vehicle, such as an infotainment display built into the second vehicle, an accessory
device (such as a tablet or smartphone) used by the driver (e.g. for navigation, logging, or vehicle management), a
navigation device, or any other display appropriate for a given application. In some implementations, an audio output
device can present an audio alert to the driver, such as a statement of the situation, or an alarm sound. In some
implementations, multiple forms of alert can be presented in tandem. For example, a visual alert can be displayed as
shown in Figure 9, and an audio alarm can be sounded which prompts the user to look at the visual alert.
[0076] Figure 9 also shows an outputting of a determined following distance (15 meters, in the illustrated example).
This indication can be output together with a tailgating alert, as shown in Figure 9, but this is not necessarily required.
In some implementations, an indication of following distance can be output to a driver of the vehicle, even without a
warning of tailgating, or even without a tailgating situation. For example, following distance could be displayed as one
piece of information among many pieces of information on a dashboard display. Further, an indication of following
distance can be presented by any appropriate output device, including a display or audio devices as discussed earlier.
[0077] In some implementations, outputting the indication of tailgating comprises transmitting an alert, notification, or
report of the tailgating situation to a management device (such as any of client device 104, cloud server 106, or local
server 118 discussed with reference to Figures 1A or 1B). Such an alert is useful for evaluating driver performance,
providing rewards for safe driving (e.g. for drivers where minimal dangerous situations are reported), and taking disci-
plinary or training action for unsafe driving (e.g. for drivers where excess dangerous situations are reported). Such
reporting does not necessarily need to be in real-time (although it can be), since administrative actions based on driver
performance are typically taken some time after any instances of poor driving. Consequently, in some implementations,
act 524 in method 522 comprises storing an indication or report of tailgating, and later reported any stored indications
to a management device together in a scheduled (or requested) report.
[0078] Outputting an indication of tailgating as in act 524 is not limited to outputting a single indication of tailgating. In
some implementations, an indication of tailgating can be output to the driver (e.g. as discussed with reference to Figure
9), and can be output to a management device as discussed above.
[0079] Figure 10 is a flowchart diagram which illustrates another exemplary method 1000 for determining following
distance. Method 1000 can be applied to real-world images (images captured by an image sensor) to detect real-world
following distance. Further, method 1000 can also be applied to simulated images (images generated by simulation),
for the purposes of testing, validation, training of other models, or any other appropriate applications. Method 1000 as
illustrated includes acts 1002, 1004, 1006, 1008, 1010, 1012, 1014, and 1016. One skilled in the art will appreciate that
additional acts could be added, acts could be removed, or acts could be reordered as appropriate for a given application.
Acts of method 1000 can be performed by appropriate components of the systems or devices discussed earlier, similar
to as discussed with reference to method 500 in Figure 5, and not repeated for brevity.
[0080] Method 1000 can be implemented for example within the context of detecting tailgating. For example, method
1000 in Figure 10 can be implemented as act 506 in method 500 in Figure 5. In this way, method 1000 can be used to
determine following distance between two vehicles, and method 500 can use the determined following distance to identify
tailgating between the two vehicles as discussed earlier.
[0081] Method 1000 is discussed below in the context of a first exemplary scenario illustrated in Figure 11. However,
method 1000 is applicable to many different scenarios. Figure 11 illustrates an image 1100 having a left boundary 1110
and a right boundary 1112. Image 1100 shows a vehicle 1120 (the first vehicle in method 1000) driving along a roadway
1132 shown by edges 1134 and 1136, towards a horizon 1138. A vehicle (the second vehicle in method 1000) is driving
behind vehicle 1120, and carries the image capture device which the perspective of image 1100 represents (i.e., the
camera which captures image 1100). A hood 1122 of the second vehicle is visible at the bottom of image 1100.
[0082] Returning to method 1000, at 1002, an image is accessed by a system or device performing method 1000. The
image includes a representation of a first vehicle from a perspective of a second vehicle behind the first vehicle. The
image further represents a common lane of travel of the first vehicle and the second vehicle. Image 1100 shown in Figure
11 is an exemplary image which can be accessed in this regard, where vehicle 1120 is the first vehicle, hood 1122 is
part of the second vehicle, roadway 1132 includes the common lane of travel as shown by boundaries 1134 and 1136.
While roadway 1132 in Figure 11 is shown as a single-lane road to reduce clutter, the present disclosure is fully applicable
to multi-lane roadways, where the first vehicle and the second vehicle travel in one common lane of multiple possible
lanes. In some implementations, accessing the image comprises capturing the image, by at least one image capture
device positioned at the second vehicle. In other implementations, accessing the image comprises receiving the image
by a device or system performing method 1000 (e.g., a server which performs method 1000 can receive the image as
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transmitted from an image capture device at a vehicle which captured the image). In yet other implementations, accessing
the image comprises accessing the image as stored in at least one non-transitory processor-readable storage medium
(e.g., the image is previously captured by an image capture device, and stored at a non-transitory processor-readable
storage medium at a vehicle or at a server for later retrieval when performing method 1000).
[0083] At least one processor of the system or device which performs method 1000 can optionally preprocess the
accessed image data as appropriate. For example, the image data can be cropped to a defined resolution, or image
correction can be applied such as distortion to compensate for skewing in the image due to properties of the image
capture device. As examples, radial distortion and/or tangential distortion of the image data can be compensated for. In
some implementations, the accessed image data is already pre-processed to be of a desired resolution and/or to have
distortion corrected, prior to access and utilization in method 1000.
[0084] Further, in some implementations preliminary analysis can be performed to determine whether an image in-
cludes a representation of a first vehicle from a perspective of a second vehicle behind the first vehicle. An example of
such analysis is discussed earlier with reference to Figure 5, and is fully applicable to method 1000 in Figure 10. In
particular, in some cases the first vehicle may not be represented in the image, or may be represented in a way that is
not relevant, such as being represented so far away from the second vehicle that tailgating considerations are not
relevant. In such cases method 1000 can be largely averted. In other cases, multiple vehicles may appear in the image,
and the image can be analyzed to determine which vehicle (if any) qualifies as the first vehicle in the context of method
1000. This can be achieved by determining which vehicle (if any) is traveling in front of (in a common lane of travel as)
the second vehicle. If multiple vehicles are travelling in a common lane of travel with the second vehicle, the closest
vehicle can be selected as the first vehicle. Exemplary techniques for detecting a vehicle in front of another vehicle are
discussed earlier with reference to Figures 7A, 7B, 7C, 8A, 8B and are fully applicable in the context of method 1000 in
Figure 10. As another example, determination of the first vehicle can be performed based on lane boundaries, as
discussed later with reference to Figures 21 and 22.
[0085] At 1004, at least one processor determines a first vertical position in the image representing a bottom of the
first vehicle. In this regard, Figure 11 shows first vertical position 1140 representing a bottom of first vehicle 1120 as it
appears in image 1100. First vertical position 1140 is shown as a line which extends horizontally across image 1100 to
illustrate that the first vertical position 1140 may be only a height coordinate in the image, regardless of horizontal position.
Alternatively, the first vertical position 1140 may also include a horizontal coordinate, for example centered at the first
vehicle 1120 or centered in roadway 1132 (or the common lane of travel). Further, the bottom of the first vehicle 1120
in Figure 11 is shown as the bottom of tires of the vehicle 1120, but other reference points could be used, such as a
bottom of a chassis of vehicle 1120.
[0086] In order to determine the first vertical position, a variety of techniques could be used. In one example, an object
detection model (such as a YOLO model) can be run on image 1100, to output a bounding box which surrounds vehicle
1120 (similar to bounding box 722 shown in Figure 7A, and not shown in Figure 11 to reduce clutter). A bottom coordinate
of such a bounding box can be used as the first vertical position. Alternatively, a feature detection model can be utilized
which identifies specific features of vehicle 1120, and identifies a particular feature which is identified as delineating the
"bottom" of the first vehicle (e.g. a rear bumper of the first vehicle).
[0087] At 1006, a second vertical position 1142 in the image is accessed (e.g. by the at least one processor). The
second vertical position 1142 represents a static physical distance from the second vehicle. In this regard, the second
vertical position 1142 can be determined during a calibration of the image capture device installed in the second vehicle,
where a particular image distance (e.g. number of pixels) from a bottom boundary of images captured by the image
capture device is correlated to a particular physical distance from the second vehicle. In the example of Figure 11, the
second vertical position 1142 is shown as being slightly above hood 1122 of the second vehicle (slightly ahead of the
front of the second vehicle in physical space). However, other specific positions are possible as the second vertical
position 1142, such as a position on hood 1122, or a position at a very front of hood 1122. The second vertical position
1142 can be stored in at least one non-transitory processor-readable storage medium of the system performing method
1000, and accessed (or retrieved) as needed. An exemplary (non-limiting) procedure for calibrating the image capture
device and determining the second vertical position 1142 is discussed below with reference to Figure 12.
[0088] Figure 12 is a side view of an exemplary scenario 1200, in which a vehicle 1220 is positioned on a surface
1210. In scenario 1200, vehicle 1220 is stationary. A marker 1212 is also positioned on surface 1210, and a projection
1214 is shown extending upwards from marker 1212 (perpendicular to surface 1210). An image capture device 1224 is
positioned at vehicle 1220, and captures image data within a field of view shown by field of view lines 1226 and 1228.
A hood 1222 of vehicle 1220 is partially captured within field of view lines 1226 and 1228. A physical distance 1230
between a front of vehicle 1220 and marker 1212 (or projection 1214 from marker 1212) is shown, and could be determined
for example by manual measurement. This physical distance 1230 can then be correlated to an image distance in image
data captured by image capture device 1224, the image distance corresponding to where marker 1212 appears in the
captured image data. That is, a static physical distance (physical distance 1230) is determined which is represented by
the second vertical position accessed in act 1006 of method 1000.



EP 4 439 488 A1

14

5

10

15

20

25

30

35

40

45

50

55

[0089] In some implementations, the static physical distance can be 0, such as by placing marker 1212 immediately
adjacent vehicle 1220. This can simplify distance calculations, by may not be possible in all configurations, particularly
if the marker 1212 cannot be seen in the field of view of image capture device 1224.
[0090] Figure 12 illustrates one exemplary procedure for correlating the second vertical position and a static physical
distance. However, other implementations are possible, such as using an object (e.g. a sign) instead of a surface-based
marker. Further, the procedure described in Figure 12 does not need to be performed in the context of method 1000 in
Figure 10, but rather can be performed prior to said method, as part of an initialization or calibration of the image capture
device in the second vehicle.
[0091] Due to perspective, in ordinary image data from an image capture device in a vehicle, the relationship between
following distance in the real world (physical distance between the first and second vehicles in image 1100) and image
distance in the image data (e.g. quantity of pixels between the first vehicle and the second vehicle as representing in
image 1100) is not fixed. That is, the higher up a pixel is vertically in the image (the further forward in physical space
the pixel represents), the greater the distance represented by the pixel. Consequently, it is challenging to determine
following distance between vehicles based on image data. To address this, method 1000 in Figure 10 transforms the
image data (or at least key points of the image data) to arrive at a fixed relationship between image distance and physical
distance (e.g. physical distance between the first and second vehicles). This is discussed with reference to acts 1008
and 1010 below. This fixed relationship can be expressed, for example, as a ratio between a number of pixels in the
image and physical distance represented by said number of pixels. For example, a ratio of image distance to physical
distance could be 1 meter per 10 pixels, 1 meter per 50 pixels, 1 meter per 100 pixels, or any other appropriate ratio.
Further, in some cases two different fixed relationships can be used, such as a first ratio between a first number of pixels
in a horizontal direction of the image and physical distance represented by said number of pixels, and a second ratio
between a second number of pixels in a vertical direction of the image and physical distance represented by said number
of pixels. In one illustrative example, one meter of physical distance is represented by 75.998 pixels in the horizontal
direction (x axis), whereas one meter of physical distance is represented by 109.202 pixels in the vertical direction (y
axis). These numbers are merely exemplary, and any ratio could be used as appropriate for a given application.
[0092] In act 1008, the at least one processor determines a transformed first vertical position by applying an image
transformation matrix to the first vertical position determined in act 1004. In act 1010, the at least one processor determines
a transformed second vertical position by applying the image transformation matrix to the second vertical position. The
image transformation matrix is a matrix which, when applied to image data for a particular image capture device setup,
transforms the image data to a bird’s eye view of the image. That is, the image transformation matrix transforms the
image data to a top-down view, where there is a fixed relationship between physical following distance and image
distance (e.g., image distance can be converted to physical distance by applying a fixed ratio which relates image
distance to physical distance). That is, in the transformed image, a pixel represents a set physical distance, regardless
of the position of the pixel in the image. This is discussed in detail below with reference to Figure 13. How the image
transformation matrix can be obtained is discussed later with reference to Figures 14, 15, and 16.
[0093] Figure 13 illustrates transformed image data 1300, based on the image 1100 discussed with reference to Figure
11. In particular, transformed image data 1300 represents a portion of image 1100 extending from a bottom of image
1100 to above vehicle 1120 as represented in image 1100. Transformed image data 1300 can be obtained by applying
the image transformation matrix to image 1100 (or a portion thereof). Transformed image data 1300 is shown in Figure
13 as including representation 1332 of roadway 1132, as shown by representations 1334 and 1336 of boundaries 1134
and 1136, respectively. Transformed image data 1300 further includes representation 1320 of vehicle 1120, and repre-
sentation 1322 of hood 1122 of the second vehicle. A transformed first vertical position 1340 is also shown in Figure 13,
which represents a transformation of the first vertical position as determined in act 1008. A transformed second vertical
position 1342 is also shown in Figure 13, which represents a transformation of the second vertical position as determined
in act 1010.
[0094] The transformed image data (such as shown in Figure 13) does not need to have the same resolution or aspect
ratio as image data prior to transformation. This can be seen by comparing Figures 11 and 13, where transformed image
data 1300 is significantly taller than wide, compared to image 1100. Further, in some respects, the transformed image
data may not be a completely faithful reproduction of how the scene would actually appear if viewed from the top view.
For example, while representation 1320 may represent a shape and scale of vehicle 1120 as transformed, image data
1100 may not include data which shows what an actual top of vehicle 1120 looks like. In this regard, representation
1320 may be image data representing a rear of vehicle 1120, transformed to a shape and scale of a top view of vehicle
1120.
[0095] In some implementations, acts 1008 and 1010 of method 1000 can entail transforming a significant portion of
the image, such as shown in Figure 13, and identifying the transformed first vertical position 1340 and the transformed
second vertical position 1342 in the transformed image data. However, this is not strictly necessary, and instead the
image transformation matrix can be applied directly to the first vertical position and the second vertical position to
determine the transformed first vertical position and the transformed second vertical position. This approach can signif-
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icantly reduce computational burden of method 1000.
[0096] Returning to method 1000 in Figure 10, at 1012, the at least one processor determines an image distance
between the transformed first vertical position and the transformed second vertical position. This is shown by way of
example in Figure 13 as image distance 1344. The image distance can be, for example, a quantity of pixels between
the transformed first vertical position and the transformed second vertical position.
[0097] At 1014, the at least one processor determines following distance as a physical distance between the first
vehicle and the second vehicle based on the image distance determined at 1012 and the static physical distance
discussed with reference to Figures 11 and 12. In particular, a ratio of physical distance to image distance is applied to
the image distance determined at 1012 (image distance 1344 in the example of Figure 13) to determine a physical
distance represented by the determined image distance. How such a ratio of physical distance to image distance can
be determined is discussed later with reference to Figures 17, 18, 19, and 20. The static physical distance discussed
with reference to act 1006 is added to the determined physical distance to arrive at following distance between the first
vehicle and the second vehicle.
[0098] At 1016, the determined following distance is output. In an exemplary implementation where method 1000 is
used to determine following distance in act 506 of method 500, outputting the following distance can include preparing
the following distance for a next act in the method 500 (e.g. by storing the determined following distance in at least one
non-transitory processor-readable storage medium). In another exemplary implementation, outputting the following dis-
tance can include outputting the following distance to a driver of the second vehicle, such as via a display or audio output
device. In yet another exemplary implementation, outputting the following distance can include providing the determined
following distance to a database (e.g. at a device or server such as client device 104, cloud server 106, or local server
118 in Figures 1A and 1B). Such a database or server can use determined following distances logged over time, for
example for analyzing driver behavior for safe or unsafe conduct.
[0099] Figure 14 is a flowchart diagram which illustrates an exemplary method 1400 for determining an image trans-
formation matrix such as that utilized in method 1000 in Figure 10. Method 1400 as illustrated includes acts 1402, 1404,
1406, 1408, 1410, 1412, 1414, and 1416. One skilled in the art will appreciate that additional acts could be added, acts
could be removed, or acts could be reordered as appropriate for a given application. Acts of method 1400 can be
performed by appropriate components of the systems or devices discussed earlier, similar to as discussed with reference
to method 500 in Figure 5, and not repeated for brevity. Importantly, a system or device which performs method 1400
is not necessarily the same hardware which determines following distance (as in method 1000 discussed earlier). In this
way, calibration of an image capture device and use of image data captured by an image capture device can be performed
by discrete systems or devices most suited to the task. However, in some implementations, a single device or system
can perform all of calibration of an image capture device and use of image data captured by said image device.
[0100] Method 1400 is discussed below in the context of a first example scenario illustrated in Figures 15 and 16.
However, method 1400 is applicable to many different scenarios. Figure 15 illustrates an image 1500 having a left
boundary 1510 and a right boundary 1512. Image 1500 includes a roadway 1532 shown by edges 1534 and 1536,
towards a horizon 1538. A vehicle carries the image capture device which the perspective of image 1500 represents
(i.e., the camera which captures image 1500). A hood 1522 of the vehicle is visible at the bottom of image 1500. Figure
15 also illustrates a number of lines and points which annotate image 1500, and are discussed below in the context of
method 1400.
[0101] Returning to method 1400, at 1402 an image is accessed by a system or device performing method 1400. The
image includes a representation of a lane of travel from a perspective of a vehicle. Image 1500 shown in Figure 15 is
an exemplary image which can be accessed in this regard, where hood 1522 is part of the vehicle, roadway 1532 includes
the lane of travel as shown by boundaries 1534 and 1536. While roadway 1532 in Figure 15 is shown as a single-lane
road to reduce clutter, the present disclosure is fully applicable to multi-lane roadways, where the vehicle travels in one
of multiple possible lanes. Further, while not shown in Figure 15 to reduce clutter, it is possible for other vehicles to be
represented in the image (possibly traveling in the same lane of travel). In this regard, image data such as image 1100
in Figure 11 could also be accessed and used in the context method 1400. In such a case, the common lane of travel
in image 1100 can be the lane of travel referred to in method 1400. In some implementations, accessing the image
comprises capturing the image, by at least one image capture device positioned at the second vehicle. In other imple-
mentations, accessing the image comprises receiving the image by a device or system performing method 1400 (e.g.,
a server which performs method 1400 can receive the image as transmitted from an image capture device at a vehicle
which captured the image). In yet other implementations, accessing the image comprises accessing the image as stored
in at least one non-transitory processor-readable storage medium (e.g., the image is previously captured by an image
capture device, and stored at a non-transitory processor-readable storage medium at a vehicle or at a server for later
retrieval when performing method 1400).
[0102] At least one processor of the system or device performing method 1400 can optionally preprocess the accessed
image as appropriate. For example, the image data can be cropped to a defined resolution, or image correction can be
applied such as distortion to compensate for skewing in the image due to properties of the image capture device. As
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examples, radial distortion and/or tangential distortion of the image data can be compensated for. In some implemen-
tations, the accessed image data is already pre-processed to be of a desired resolution and/or to have distortion corrected,
prior to access and utilization in method 1400.
[0103] At 1404, at least one processor of the system performing method 1400 determines a first boundary of the lane
of travel. At 1406, the at least one processor determines a second boundary of the lane of travel. In the example of
image 1500 of Figure 15, the at least one processor identifies boundaries 1534 and 1536 of roadway 1532, for example
by applying a feature detection model to the image 1500. In an example, the at least one processor can detect lanes in
the form of a segmentation mask, where pixels forming lane markings are labeled as lane marking pixels, while other
pixels are labelled as background pixels.
[0104] Determining the first boundary and the second boundary can entail determining a mathematical representation
for each boundary, for example in accordance with Equation (3) below. 

[0105] Equation (3) is a mathematical representation of a straight line, where y is a vertical value, m is slope of the
line, x is a horizontal value, and b is the y intercept (where the line crosses the vertical axis when x = 0). Determining
the first boundary at 1404 can entail determining a first slope m1 and a first y intercept b1 for the first boundary. Likewise,
determining the second boundary at 1406 can entail determining a second slope m2 and a second y intercept b2 for the
second boundary. Equation (3) is merely exemplary, and alternative equations or mathematical representations for lines
could be used instead.
[0106] In some scenarios, many lane markings for a plurality of lanes of travel may be visible in an image being
analyzed. In such a case, where an origin of the image is at the top-left of the image, lines having negative slope can
be considered as being left of the vehicle which carries the image capture device (vehicle having hood 1122 in image
1100), and lines having positive slope can be considered as being right of the vehicle which carries the image device,
from the perspective of the image capture device. Further, from a midpoint of the image, the closest line having negative
slope can be considered as a left boundary of a lane of travel of the vehicle carrying the image capture device (vehicle
having hood 1122 in image 1100), and the closest line having positive slope can be considered as a right boundary of
a lane of travel of the vehicle carrying the image capture device. This left boundary and right boundary can be the first
boundary and the second boundary determined at 1404 and 1406.
[0107] At 1408, the at least one processor determines a vanishing point for the image as a point where the first boundary
and the second boundary intersect each other. For example, the equation for the first boundary and the equation for the
second boundary can be combined (e.g. one equation substituted into the other) to determine coordinates for the
vanishing point. The coordinates for the vanishing point can be expressed as xvp and yvp. In the example of Figure 15,
the vanishing point is labelled as 1540.
[0108] At 1410, a region of interest in the image is accessed. This region of interest is shown in Figure 15 delineated
by bottom edge 1542, top edge 1544, left edge 1546, and right edge 1548. As can be seen in Figure 15, the region of
interest is trapezoidal. The region of interest is accentuated by bold dashed lines, but the edges are shown extending
beyond the region of interest so that said edges can be more clearly understood. The top edge (1544 in Figure 15) and
the bottom edge (1542 in Figure 15) are parallel to a horizontal axis of the image. The left edge (1546 in Figure 15)
extends from a point (1550 in Figure 15) left of the left boundary 1536 towards the vanishing point (1540 in Figure 15).
The right edge (1548 in Figure 15) extends from a point (1552 in Figure 15) right of the right boundary 1534 towards the
vanishing point (1540 in Figure 15). For convenience, in some implementations the point 1550 can be positioned at the
left boundary 1510 of image 1500, and the point 1552 can be positioned at the right boundary 1512 of image 1500. In
such implementations, the left edge of the region of interest extends from the left boundary 1510 of the image 1500
towards the vanishing point 1540, and the right edge of the region of interest extends from the right boundary 1512 of
the image towards the vanishing point 1540.
[0109] The region of interest can be accessed in different ways. In some implementations, the region of interest may
be received at least partially as user input. In particular, a user of the system or device performing method 1400 may
interact with a user input device to provide at least some attributes of the region of interest. For example, the user may
input a position of the top edge (e.g. 1544), the bottom edge (e.g. 1542), a point on the left edge (e.g. 1550), and a point
on the right edge (e.g. 1552). As another example, the user may input only the position of the top edge and the bottom
edge, and the left edge and right edge can be inferred by the at least one processor (e.g. as edges extending from
boundaries 1510 and 1512 of the image towards the vanishing point 1540). In other implementations, the region of
interest can be autonomously determined or generated by the at least one processor, by defining the edges of the region
of interest within reasonable limits. In particular, the bottom edge of the region of interest should be above a hood of the
vehicle as represented in the image data (e.g. hood 1522 in Figure 15); the top edge should be below the horizon 1538
(and below vanishing point 1540), and preferably low enough in the image such that boundaries of the lane of travel are
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clearly visible. The left edge and the right edge of the region of interest can be determined by the at least one processor
(e.g. as edges extending from boundaries 1510 and 1512 of the image towards the vanishing point 1540, or from randomly
determined points 1550 and 1552).
[0110] Returning to method 1400, at 1412, the at least one processor determines a transformed region of interest
where a left edge of the transformed region of interest is parallel to a right edge of the transformed region of interest.
As can be seen in Figure 15, the region of interest is trapezoidal. Figure 16 illustrates a transformed region of interest
determined in accordance with act 1412. In particular, Figure 16 illustrates a transformed region of interest 1600 having
a top edge 1644 and a bottom edge 1642 parallel to each other; and a left edge 1646 and a right edge 1648 parallel to
each other. As a result, transformed region of interest 1600 is rectangular (and possibly square). The four corners of
transformed region of interest 1600 are bottom-left corner 1650 (which represents point 1550 of the pre-transformation
region of interest), bottom-right corner 1652 (which represents point 1552 of the pre-transformation region of interest),
top-left corner 1654 (which represents point 1554 of the pre-transformation region of interest), and top-right corner 1656
(which represents point 1556 of the pre-transformation region of interest). Figure 16 also shows representation 1632 of
roadway 1532, and representations 1634 and 1636 of boundaries 1534 and 1536, respectively, which are also shown
as parallel to each other due to the transformation of the region of interest.
[0111] To determine the transformed region of interest, coordinates of the four corners are determined by the at least
one processor which will result in edges 1646 and 1648 being parallel. To achieve this, the width of top edge 1644 and
the width of the bottom edge 1642 should be equal. Thus, setting one corner as an origin, e.g. by setting top-left corner
1654 to have coordinates of (0,0), the remaining corners can be defined relative thereto by an arbitrary size (e.g. 720,
in this example). In particular, top-right corner 1656 can have coordinates of (719,0); bottom-left corner 1650 can have
coordinates of (0,719), and bottom-right corner 1652 can have coordinates of (719,719). This results in a square trans-
formed region of interest, but in some implementations the vertical size may be different from the horizontal size, which
results in a rectangular transformed region of interest.
[0112] The at least one processor determines a transformation matrix H (which can also be referred to as a homography
matrix), which when applied to points of the region of interest, results in the points of the transformed region of interest,
as shown in Equation (4) below. 

[0113] In Equation (4), u and v are coordinates in the input image, and ut and vt are corresponding coordinates in the
transformed image. With reference to the example of Figures 15 and 16, for the top-left corner (points 1554 and 1654),
(u, v) = (379, 480) and (ut, vt) = (0, 0); for the top-right corner (points 1556 and 1656), (u, v) = (821, 480) and (ut, vt) =
(719, 0); for the bottom-left corner (points 1550 and 1650), (u, v) = (189, 600) and (ut, vt) = (0, 719); and for the bottom-
right corner (points 1552 and 1652), (u, v) = (1074, 600) and (ut, vt) = (719, 719).
[0114] Based on the provided region of interest and transformed region of interest points, an image transformation
matrix H can be determined, for example using a known function. The open computer vision library (OpenCv) includes
such a function as "getPerspectiveTransform". For the exemplary points listed above, H can be calculated as: 

[0115] In addition to determining the image transformation matrix H, a ratio of image distance to physical distance for
the vertical axis of the image (as transformed according to the image transformation matrix) can also be determined.
This can be performed in multiple ways, some examples of which are discussed below with reference to Figures 17, 18,
19, and 20.
[0116] Figure 17 is a side view of an exemplary scenario 1700, in which a vehicle 1220 is positioned on a surface
1210, similar to as discussed above with reference to Figure 12. In scenario 1700, vehicle 1220 is stationary. A first
marker 1712 is also positioned on surface 1210, and a projection 1714 is shown extending upwards from first marker
1712 (perpendicular to surface 1210). A second marker 1716 is also positioned on surface 1210, and a projection 1718
is shown extending upwards from second marker 1716 (perpendicular to surface 1210). An image capture device 1224
is positioned at vehicle 1220, and captures image data within a field of view shown by field of view lines 1226 and 1228.
A hood 1222 of vehicle 1220 is partially captured within field of view lines 1226 and 1228. A physical distance 1730
between first marker 1712 (or projection 1714 from first marker 1712) and second marker 1716 (or projection 1718 from
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second marker 1716) is shown, and could be determined for example by manual measurement. This physical distance
1730 can then be correlated to an image distance in image data captured by image capture device 1224 (or more
specifically to transformed image data). This is discussed below with reference to Figure 18.
[0117] Figure 18 illustrates a transformed region of interest 1800, similar to transformed region of interest 1600 as
shown in Figure 16. Similar numerical labels are used in Figure 18 that are discussed earlier with reference to Figure
16; such discussion is not repeated for brevity. Figure 18 additionally shows representation 1890 of first marker 1712,
and representation 1892 of second marker 1716 (as transformed versions of image data captured by image capture
device 1224). Figure 18 further shows image distance 1894 between representation 1890 and representation 1892. The
at least one processor can determine a ratio between physical distance 1730 in Figure 17 and image distance 1894 in
Figure 18. Such a ratio is a ratio of image distance to physical distance for a vertical axis of the image as transformed
in accordance with the image transformation matrix, which can be applied in the context of method 1000 to determine
following distance. In the example of Figures 17 and 18, the physical distance 1730 is coaxial to the lane of travel of
vehicle 1220, and the image distance 1894 is coaxial to the roadway 1632 as represented in the transformed region of
interest.
[0118] Figures 17 and 18 illustrate one exemplary procedure for determining a ratio between physical distance and
image distance. However, this approach entails physical setup to calibrate (laying of markers 1712 and 1716, and
positioning of vehicle 1220), and therefore increases labor to execute. Other implementations are possible, such as the
example discussed below with reference to Figures 19 and 20.
[0119] In another implementation, the at least one processor can first determine a ratio of image distance to physical
distance for a horizontal axis of an image (as transformed according to the image transformation matrix), based on a
received measurement for a lane of travel and an image distance width of the lane of travel as represented in image
data captured by an image capture device in a vehicle.
[0120] Figure 19 is a top view of a scenario 1900. In scenario 1900, a vehicle 1920 is positioned on (e.g. driving along)
a roadway 1910, delineated by boundaries 1912 and 1914. Vehicle 1920 carries an image capture device 1922 which
captures image data. A physical distance 1930 corresponding to a width of the roadway 1910 is also illustrated. Physical
distance 1930 could be obtained, for example, by manual measurement, or by measurement from available image data
such as satellite image data, or from a database of road features which includes lane size information for roadway 1910.
[0121] Figure 20 illustrates a transformed region of interest 2000, similar to transformed region of interest 1600 as
shown in Figure 16. Similar numerical labels are used in Figure 20 that are discussed earlier with reference to Figure
16; such discussion is not repeated for brevity. Figure 20 illustrates a transformed region of interest in image data
captured by image capture device 1922 while driving along roadway 1910. Figure 20 shows representation 2010 of
roadway 1910, representation 2012 of boundary 1912, and representation 2014 of boundary 1914. Figure 20 additionally
shows image distance 2090 between representations 2012 and 2014. The at least one processor can determine a ratio
between physical distance 1930 in Figure 19 and image distance 2090 in Figure 20. Such a ratio is a ratio of image
distance to physical distance for a horizontal axis of the image (as transformed according to the image transformation
matrix) which can be applied in the context of method 1000 to determine following distance.
[0122] To determine following distance, a ratio of image distance to physical distance for a vertical axis of the image
can be determined by the at least one processor, based on the ratio of image distance to physical distance for the
horizontal axis of the image as discussed with reference to Figures 19 and 20, and based on the image transformation
matrix used to transform the image data. An exemplary methodology to this is discussed in detail below with reference
to Figure 21.
[0123] Figure 21 is a side view of an exemplary scenario 2100. In scenario 2100, a surface 2190 is shown, on which
a vehicle can drive. An image capture device (camera) 2110 is also shown, with a field of view shown at least in part by
field of view lines 2112 and 2114 (though the field of view can extend further than the field of view lines). Image capture
device 2110 can be for example a camera mounted in a vehicle (which is why image capture device 2110 is shown
elevated from surface 2190). Such a vehicle is not illustrated in Figure 21, to reduce clutter. A world coordinate system
is illustrated by Y axis Yw and Z axis Zw, and has an origin in front of the image capture device 2110 (and aligned with
a virtual image capture device 2120 which is discussed in more detail later). The world coordinate system also includes
an X axis Xw, which is not illustrated because it extends out of (normal to) the page. The world coordinate system can
be used to specify positions in the real world.
[0124] Figure 21 also shows an image Ip captured by image capture device 2110. The image Ip is a projection (hence
the subscript label p) of the real world as seen by image capture device 2110 onto a two-dimensional plane having axis
Up (not shown because it extends into the page) and Vp (shown in the example as extending downwards due to the
convention where a top-left corner of an image is the origin, though other conventions could be used instead as appro-
priate).
[0125] For a particular image capture device (camera), a set of camera matrices can be used which converts real-
world coordinates with respect to the camera to pixel coordinates for an image captured by the image capture device,
in accordance with Equation (5) below. 
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[0126] Generally, when the image capture device captures image data, the image data is a two-dimensional projection
of the three-dimensional world in the field of view of the camera. In this regard, xw, yw, and zw represent an x value, a
y value, and a z value for a real-world coordinate in a world coordinate system (i.e. in the Xw axis, Yw axis, and Zw axis
discussed above). up represents a horizontal value (in the Up axis), and vp represents a vertical value (in the Vp axis),
respectively, in a two-dimensional image (e.g. image Ip) captured by the camera, which corresponds to projected position
of the real-world coordinate.
[0127] The matrix [r1 r2 r3 t] represents an Extrinsic Matrix for the camera, which converts world coordinates for the
world coordinate system to coordinates in a camera coordinate system, and depends on position and orientation of the
camera. The matrix [r1 r2 r3 t] is a 4 by 4 matrix where r1, r2, and r3 are rotational vectors and t is a translation vector.
Vectors r1, r2, and r3 have the convenient property where the length of each vector is 1, which will be utilized later. In
some implementations the extrinsic matrix is not strictly necessary (or is an identity matrix), in particular if the origin of
the world coordinate system is set as the camera position in the world and corresponding axes are aligned (such that
the world coordinate system and the camera coordinate system are equivalent). This is not the case in the example of
Figure 21, however. Further, the matrix M represents an Intrinsic Matrix for a camera which converts points from the
camera coordinate system to a pixel coordinate system, and is dependent on properties of the camera such as focal
length, pixel dimensions, resolution, etc. The Equation (5) combines the Extrinsic Matrix for the camera with the Intrinsic
Matrix for the camera, (by multiplying the Intrinsic Matrix and the Extrinsic Matrix together, in the example). Intrinsic and
Extrinsic Camera matrices are known in the art, as discussed for example at the following article:
[0128] https://towardsdatascience.com/what-are-intrinsic-and-extrinsic-camera-parameters-in-computer-vision-
7071b72fb8ec
[0129] In the example of Figure 21, since the surface 2190 is planar, all points of interest lie in the zw = 0 plane.
Consequently, Equation (5) can be reduced to Equation (6) below. 

[0130] To convert a real-world coordinate to a coordinate in a two-dimensional image transformed in accordance with
image transformation matrix H discussed earlier, we can combine Equations (4) and (6), such as by using the matrix
containing up and vp from Equation (21) as the matrix containing input coordinates u and v in Equation (4), to arrive at
Equation (7) below. 

[0131] As discussed earlier, the image as transformed by image transformation matrix H represents a top view (bird’s
eye view) of the scene. Figure 21 illustrates a virtual image capture device 2120, which corresponds to a position and
orientation of an image capture device which could have captured the transformed image. Virtual image capture device
2120 virtually would capture a field of view shown by field of view lines 2122 and 2124, to capture an image It having a
horizontal axis Ut (not shown because it extends into the page) and a vertical axis Vt. Image It represents an transformed
version of image Ip; that is, image Ip multiplied by the image transformation matrix H is image It. Notably, the world
coordinate system (axes Xw, Yw, and Zw) is the same for both image capture device 2110 and virtual image capture
device 2120. Further, axis Zw is aligned with a center of virtual image capture device 2120; that is, axis Zw extends
through virtual image capture device 2120, to a center of image It.
[0132] A vertical image distance for image It (e.g. number of pixels along axis Vt) of a point from the center of the two-
dimensional image, when the real-world coordinate which the point is a projection of is 1 meter (or some other appropriate
set distance) offset from a center axis of the virtual image capture device 2120 (i.e. 1 meter offset from the Zw axis along
the Yw axis) can be represented as ry. Further, from the property of similar triangles (the angle to a real-world coordinate
from a camera is equal to the angle from the camera to a two-dimensional projection of the coordinate as captured by
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the camera), a position of a projected coordinate in image It is proportional to the yw position of the coordinate. Conse-
quently, for a real-world coordinate D a distance d along the Yw axis, the vertical image distance of a projection of
coordinate D from a center of the image It is ry*d. That is, ry represents a ratio of vertical image distance in the transformed
image It to physical distance along the Yw axis (or pixels in the image per meter in the real world).
[0133] Further, the relationship between image distance and position of the real-world coordinate is not necessarily
the same in the horizontal direction and the vertical direction of the transformed image. To this end, an image distance
in the horizontal direction (Ut axis) of a point from the center of the two-dimensional image It, when the coordinate which
the point is a projection of is offset horizontally from the Zw axis (i.e. along the Xw axis) by 1 meter (or some other
appropriate set distance) can be represented as rx. The above relationships can be expressed as in Equations (8) and
(9) below. 

[0134] In the scenario 2100 the virtual image capture device 2120 is positioned with an optical center aligned with
axis Zw. As a result, coordinates in virtual images which could be captured by virtual image capture device 2120 (or
images transformed in accordance with matrix H) are offset from a center of said image (due to the convention that an
origin of image data is at a top-left corner of the image data, though other conventions could be used as appropriate).
Consequently, Equation (8) includes an offset for the optical center Cx (in the Ut-axis) of virtual image capture device
2120, and Equation (9) includes an offset for the optical center Cy (in the Vt-axis) of virtual image capture device 2120.
Thus, Equation (8) expresses that a horizontal coordinate in the image It can be determined based on the horizontal
image distance to physical distance ratio rx multiplied by the real-world horizontal distance (in the Xw direction), accounting
for horizontal offset from the origin of the image data (top left corner of the image It). Similarly, Equation (9) expresses
that a vertical coordinate in the image It can be determined based on the vertical image distance to physical distance
ratio ry multiplied by the real-world distance in the Yw direction, accounting for offset from the origin of the image data
(top left corner of the image It).
[0135] Putting Equations (8) and (9) in matrix form results in Equation (10) below: 

[0136] Comparing Equations (7) and (10) results in Equation (11) below. 

[0137] Equation (11) can be simplified to Equation (12) below. 

[0138] As mentioned earlier, vectors r1 and r2 each have a length of 1. Consequently, solving Equation (12) using
known linear algebra techniques (row and column operations) results in Equation (13) below. 

[0139] In Equation (13), h1 is the first column of (HM)-1, and h2 is the second column of (HM)-1. Equation (13) expresses
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a relationship between a ratio of image distance to physical distance for a vertical axis of the image (ry) to a ratio of
image distance to physical distance for a horizontal axis of the image (rx), for an image captured by image capture device
2110. Using this relationship, a ratio of image distance to physical distance for a horizontal axis of the image, such as
determined as discussed with reference to Figures 19 and 20, can be converted to a ratio of image distance to physical
distance for a vertical axis of the image. This in turn can be used to determine following distance as discussed with
reference to at least Figures 10-43.
[0140] The procedures described above and with reference to Figures 17, 18, 19, 20 and 21 do not need to be
performed in the context of method 1000 in Figure 10, but rather can be performed prior to said method, as part of an
initialization or calibration of the image capture device in the second vehicle.
[0141] In the context of many of the methods discussed herein (such as method 500 in Figure 5 and method 1000 in
Figure 10), it is desirable to determine whether a vehicle represented in image data is travelling in a same lane of travel
as a vehicle carries an image capture device. Figures 22 and 23 discussed below illustrate an exemplary technique in
this regard. Figure 22 illustrates an image 2200 similar to image 1100 described with reference to Figure 11. The
description of Figure 11 is generally applicable to Figure 22, and description of similarly labelled elements is not repeated
for brevity. Image 2200 shows a vehicle 2220 (similar to vehicle 1120, the first vehicle in method 1000) driving along a
roadway 1132 shown by edges 1134 and 1136, towards a horizon 1138. A vehicle (the second vehicle in method 1000)
is driving behind vehicle 2220, and carries the image capture device which the perspective of image 2200 represents
(i.e., the camera which captures image 2200). A hood 2222 of the second vehicle is visible at the bottom of image 2200.
[0142] At least one processor of any of the systems or devices discussed herein can identify vehicle 2220, such as
by executing an object detection model. Vehicle 2220 is shown as being identified with a bounding box 2240 in the
example of Figure 22. To determine whether vehicle 2220 is within a same lane of travel as the vehicle carrying the
image capture device which captures image 2200 (the vehicle having hood 2222), points 2244 and 2246 can be identified
for vehicle 2220. In the illustrated example, point 2244 represents a distance which is one-third of a width of bounding
box 2240 from a right edge of bounding box 2240. Similarly, point 2246 represents a distance which is one-third of a
width of bounding box 2240 from a left edge of bounding box 2240. The exact positions of points 2244 and 2246 can
be selected as appropriate for a given application.
[0143] Further, at least one processor of any of the systems or devices discussed herein can identify boundaries 1134
and 1136 using any of the techniques discussed earlier (for example as discussed with reference to acts 1404 and 1406
in Figure 14), and not repeated for brevity.
[0144] In the illustrated implementation, vehicle 2220 can be determined as travelling in the same lane as the second
vehicle having hood 2222 if both points 2244 and 2246 lie within the boundaries of the lane of travel of the second vehicle
(the lane bounded by boundaries 1134 and 1136 in the example of Figure 22). Since this is true in Figure 22, Figure 22
shows an example where vehicle 2220 is positioned in front of, and in the same lane as, the vehicle having hood 2222.
[0145] Figure 23 illustrates an image 2300 similar to image 2200 described above. The description of Figure 22 is
generally applicable to Figure 23, and description of similarly labelled elements is not repeated for brevity. One difference
between Figure 22 and Figure 23 is that in Figure 23, vehicle 2220 is positioned further to the left, such that point 2246
is positioned left of boundary 1136. As a result, vehicle 2220 in Figure 23 can be considered as not being in the same
lane of travel as the vehicle having hood 2222.
[0146] In some implementations, vehicle 2220 may be determined as travelling in the same lane as the second vehicle
having hood 2222 if EITHER of points 2244 and 2246 lie within the boundaries of the lane of travel of the second vehicle
(the lane bounded by boundaries 1134 and 1136 in the example of Figure 22). Such an implementation favors detection
of vehicles which can still pose a tailgating risk, even as they are transitioning into or out of the lane of travel, as an
example. In such an implementation, vehicle 2220 in Figure 23 would be considered as being in the same lane of travel
as the vehicle having hood 2222.
[0147] While the present invention has been described with respect to the non-limiting embodiments, it is to be un-
derstood that the invention is not limited to the disclosed embodiments. Persons skilled in the art understand that the
disclosed invention is intended to cover various modifications and equivalent arrangements included within the scope
of the appended claims. Thus, the present invention should not be limited by any of the described embodiments.
[0148] Throughout this specification and the appended claims, infinitive verb forms are often used, such as "to operate"
or "to couple". Unless context dictates otherwise, such infinitive verb forms are used in an open and inclusive manner,
such as "to at least operate" or "to at least couple".
[0149] The Drawings are not necessarily to scale and may be illustrated by phantom lines, diagrammatic representa-
tions, and fragmentary views. In certain instances, details that are not necessary for an understanding of the exemplary
embodiments or that render other details difficult to perceive may have been omitted.
[0150] The specification includes various implementations in the form of block diagrams, schematics, and flowcharts.
A person of skill in the art will appreciate that any function or operation within such block diagrams, schematics, and
flowcharts can be implemented by a wide range of hardware, software, firmware, or combination thereof. As non-limiting
examples, the various embodiments herein can be implemented in one or more of: application-specific integrated circuits
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(ASICs), standard integrated circuits (ICs), programmable logic devices (PLDs), field-programmable gate arrays (FP-
GAs), computer programs executed by any number of computers or processors, programs executed by one or more
control units or processor units, firmware, or any combination thereof.
[0151] The disclosure includes descriptions of several processors. Said processors can be implemented as any hard-
ware capable of processing data, such as application-specific integrated circuits (ASICs), standard integrated circuits
(ICs), programmable logic devices (PLDs), field-programmable gate arrays (FPGAs), logic circuits, or any other appro-
priate hardware. The disclosure also includes descriptions of several non-transitory processor-readable storage medi-
ums. Said non-transitory processor-readable storage mediums can be implemented as any hardware capable of storing
data, such as magnetic drives, flash drives, RAM, or any other appropriate data storage hardware. Further, mention of
data or information being stored at a device generally refers to the data information being stored at a non-transitory
processor-readable storage medium of said device.

Claims

1. A method for determining a following distance between a first vehicle and a second vehicle, the method comprising:

accessing an image including a representation of the first vehicle from a perspective of the second vehicle
behind the first vehicle, the image further representing a common lane of travel of the first vehicle and the
second vehicle;
determining, by at least one processor, a first vertical position in the image representing a bottom of the first
vehicle;
accessing, by the at least one processor, a second vertical position in the image representing a static physical
distance from the second vehicle;
determining a transformed first vertical position by applying, by the at least one processor, an image transfor-
mation matrix to the first vertical position;
determining a transformed second vertical position by applying, by the at least one processor, the image trans-
formation matrix to the second vertical position;
determining an image distance between the transformed first vertical position and the transformed second
vertical position;
determining the following distance as a physical distance between the first vehicle and the second vehicle based
on the determined image distance and the static physical distance; and
outputting the determined following distance.

2. The method of claim 1, wherein the first vertical position represents a bottom boundary of a bounding box which
encompasses the first vehicle and the second vertical position represents a distal end of a hood of the second
vehicle as represented in the image.

3. The method of any one of claim 1 or claim 2, wherein the image transformation matrix represents a transformation
of the image to a transformed image having a fixed relationship between pixel size in the transformed image and
physical distance represented by the transformed image.

4. The method of any one of claims 1 to 3, further comprising:

determining a first boundary of the common lane of travel;
determining a second boundary of the common lane of travel;
determining a vanishing point for the image as a point where the first boundary and the second boundary intersect;
accessing a region of interest in the image, where a bottom edge and a top edge of the region of interest are
parallel to a horizontal axis of the image, a left edge of the region of interest extends from first point left of the
common lane of travel towards the vanishing point, and a right edge of the region of interest extends from a
second point right of the common lane of travel towards the vanishing point;
determining a transformed region of interest where a left edge of the transformed region of interest is parallel
to a right edge of the transformed region of interest; and
determining the image transformation matrix as a matrix which when applied to the region of interest,
transforms the region of interest to the determined transformed region of interest.

5. The method of claim 4, wherein:
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the first point is at a left boundary of the image;
the second point is at a right boundary of the image; the bottom edge of the region of interest is positioned
above a hood of the second vehicle as represented in the image; and
the top edge of the region of interest is positioned below the vanishing point.

6. The method of any one of claims 4 or 5, wherein determining the transformed region of interest comprises determining
four corner points of a rectangle corresponding to the transformed region of interest.

7. The method of any one of claims 4 to 6, further comprising:
determining a ratio of image distance to physical distance for a vertical axis of the image as transformed according
to the image transformation matrix, based on a received measurement for a physical distance coaxial to the common
lane and an image distance coaxial to the common lane as represented in the transformed region of interest.

8. The method of any one of claims 4 to 6, further comprising:
determining a ratio of image distance to physical distance for a horizontal axis of the image as transformed according
to the image transformation matrix, based on a received measurement for a physical width of the common lane and
an image distance width of the common lane as represented in the transformed region of interest.

9. The method of claim 8, further comprising:
determining a ratio of image distance to physical distance for a vertical axis of the image as transformed according
to the image transformation matrix, based on the ratio of image distance to physical distance for the horizontal axis
of the image and based on the image transformation matrix.

10. The method of any one of claims 1 to 9, further comprising:

determining, by the at least one processor, whether the following distance is within a tailgating distance criteria;
identifying, by the at least one processor, that the second vehicle is not tailgating the first vehicle if the following
distance is outside of the tailgating distance criteria; and
identifying, by the at least one processor, that the second vehicle is tailgating the first vehicle if tailgating criteria
are met, wherein the tailgating criteria includes the following distance being within the tailgating distance criteria.

11. The method of claim 10, further comprising, in response to an identification that the second vehicle is tailgating the
first vehicle, outputting a tailgating indication.

12. A system for determining a following distance between a first vehicle and a second vehicle, the system comprising:

at least one processor; and
at least one non-transitory processor-readable storage medium communicatively coupled to the at least one
processor and storing processor-executable instructions which when executed by the at least one processor
cause the system to:

access an image including a representation of the first vehicle from a perspective of the second vehicle
behind the first vehicle, the image further representing a common lane of travel of the first vehicle and the
second vehicle;
determine, by the at least one processor, a first vertical position in the image representing a bottom of the
first vehicle;
access, by the at least one processor, a second vertical position in the image representing a static physical
distance from the second vehicle;
determine a transformed first vertical position by applying, by the at least one processor, an image trans-
formation matrix to the first vertical position;
determine a transformed second vertical position by applying, by the at least one processor, the image
transformation matrix to the second vertical position;
determine an image distance between the transformed first vertical position and the transformed second
vertical position;
determine the following distance as a physical distance between the first vehicle and the second vehicle
based on the determined image distance and the static physical distance; and
output the determined following distance.
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13. The system of claim 12, wherein the processor-executable instructions further cause the system to perform the
method of any one of claims 2 to 11.

14. A computer program comprising instructions which, when the program is executed by a computer, cause the computer
to carry out the method of any one of claims 1 to 11.

15. A computer-readable storage medium comprising instructions which, when executed by a computer, cause the
computer to carry out the method of any one of claims 1 to 11.
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